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Abstract—We have assembled and characterized a multimode
optoelectronic oscillator with integrated optical filter for detecting
low-power radio-frequency (RF) signals. The system can selec-
tively amplify RF signals from 1 to 6 GHz. The input signals can be
as low as 83 dBm with a compression dynamic range of 72 dB.
Using an integrated silicon optical filter facilitates channelization
of the amplified RF signal from 1 to 3 GHz by reducing the gain for
signals above 3 GHz. Future system improvements are discussed.

Index Terms—Channelization, optoelectronic oscillator (OEO),
silicon integrated optical filters.

I. INTRODUCTION

T HE ability to detect very low-power radio-frequency (RF)
signals in a cluttered environment is important in applica-

tions such as radio astronomy [1] and channelization [2]. For
these applications, it is important to not only determine the fre-
quency of the signal but also to amplify the signal. Photonic
techniques are preferred for performing these applications as
they have broad instantaneous bandwidths. While demonstra-
tions have been proposed to detect RF frequencies in a noisy
environment using dispersion [3] or narrowband optical filters
[4], these methods have not focused on selectively amplifying
very low-power RF signals. A new method that can be used to
detect and amplify low RF power signals uses a multimode op-
toelectronic oscillator (OEO). While single-mode OEOs have
been well-studied for RF signal recovery through the injection-
locking process [5], [6], the use of a multimode OEO has not
been fully explored. A multimode OEO differs from a typical
OEO in that there is no electrical bandpass filter inside the OEO
cavity. Typically, the recovered RF signal is limited to a narrow
frequency range set by the filter. On the other hand, the multi-
mode OEO can be injection-locked to any incoming frequency
that matches the free-running modes of the cavity. By keeping
the gain in the OEO just below threshold, a cavity mode can
only oscillate if an appropriate external signal is introduced.
This condition allows the OEO to selectively amplify very low-
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Fig. 1. OEO setup for selective amplification and detection along with mea-
sured output of OEO for a �70-dBm injected signal at 1.0022 GHz. The gain
bandwidth at a single mode is 1 MHz. PD: photodiode; TL: tunable laser.

power signals while providing loss to signals outside the cavity
modes. We recently demonstrated a multimode OEO using an
intracavity RF amplifier that gives 10-dB gain at 1 GHz to sig-
nals that meet the mode condition of the cavity while providing
10 dB of loss when the injected signal is outside the cavity mode
[7]. However, the noise from the RF amplifier reduces the sen-
sitivity of the system. Using an all-optical gain multimode OEO
can address this issue. In addition, using narrowband integrated
optical filters [8] at the output of the multimode OEO allows for
narrow frequency bands to be separately monitored.

We have built a multimode OEO in order to detect and am-
plify very low-power RF signals over a frequency range from
1 to 6 GHz. The system selectively provides gain to RF fre-
quencies that match the cavity modes of the OEO. We have
characterized the system’s sensitivity, dynamic range, and resis-
tance to large signals. In addition, we have added an integrated
Fabry–Pérot optical filter to allow us to operate over a 3-GHz RF
span without interference from out-of-band signals. The filters
can be scaled up to many devices on a chip, thereby facilitating
future systems for RF channelization.

II. MULTIMODE OPTOELECTRONIC OSCILLATOR

The multimode OEO in Fig. 1 consists of a tunable laser
that is followed by a Mach–Zehnder modulator (MZM). A
97%/3% coupler is used after the MZM to send some of the
signal through the Fabry–Pérot filter (FPF). The 97% output is
connected to an erbium-doped fiber amplifier (EDFA) and the
amplified signal is sent to a photodetector. Part of the detected
electrical signal is measured with an electrical spectrum ana-
lyzer (ESA). The rest of the signal is fed via a coupler into the
RF port of the MZM. The other coupler port is used to inject an
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Fig. 2. (a) RF gain for signals from 1 to 6 GHz. (b) OEO sensitivity to low
power input RF signals before reaching noise floor at �75 dBm.

external signal into the OEO cavity. Our system differs from a
traditional OEO in two ways: first, the electrical bandpass filter
is removed, allowing the OEO to run multimode and second,
the length of fiber in the OEO is minimized, separating the
cavity modes as far apart as possible. With the intracavity gain
kept just below threshold, no single mode can oscillate over
the other modes, allowing the OEO to remain sensitive to an
external injected signal. Here, the OEO operates 1 dB below
threshold at 1 GHz with a photocurrent of 20.2 mA. The mode
spacing is 5.2 MHz, limited by the long length of fiber in the
EDFA.

We inject a 1.0022-GHz signal into the cavity. The frequency
is chosen to match one of the cavity modes of the OEO (Fig. 1).
The floor due to the nonoscillating mode is around 75 dBm,
while the amplified signal is measured at 62 dBm. The RF
power of the input signal is 70 dBm, yielding a gain of 8 dB. To
measure the bandwidth of the gain at a single mode, the power of
the injected signal is set to 70 dBm and the frequency is tuned
from the peak of the gain until the signal sees zero gain. The
tuning range is measured to be 500 kHz. Outside of this
bandwidth, the signal power remained below the cavity mode
power until the signal frequency was swept to the next cavity
mode 5.2 MHz away. The selective amplification allows the
OEO to discern between signals of interest within a 1-MHz band
around a given frequency; the peak of individual gain channels
are spaced 5.2 MHz away. We repeat the measurement for input
frequencies from 2 to 6 GHz and the same 1-MHz bandwidth is
observed. To measure the overall bandwidth of the system, the
input RF signal is tuned to the nearest cavity mode in 1-GHz
steps until the gain was less than unity [Fig. 2(a)]. The gain of
the system increases around 2 GHz and then slowly rolls down
to 0 dB at 6 GHz. The gain increase from 1 to 2 GHz is consistent
with the frequency dependence of the coupler, whose operating
bandwidth is 2–18 GHz. The roll-off is consistent with the loss
of the OEO cavity due mostly to the frequency-dependent of
the MZM.

The input signal is decreased until the resulting signal cannot
be distinguished from the cavity mode, in order to determine
how low the input signal can still be observed above the cavity
mode noise floor [Fig. 2(b)]. The input signal is above the cavity
mode floor until an input power of 83 dBm. This same mea-
surement was made for frequencies ranging from 2 to 6 GHz.
The lowest detectable input power changes from 83 dBm (at
2 GHz) up to 75 dBm (at 6 GHz). Again the change is consis-
tent with the measured frequency loss of the cavity.

Next, we studied how the system operates when there is a
very large signal at the next cavity mode to the small signal of

Fig. 3. OEO gain degradation due to large signals at the next mode of the signal
of interest. Inset: RF power compression for MZM at 1 GHz.

interest. When a large signal is injected into the cavity, it may
dominate the gain of the cavity and the smaller signal of interest
will not be amplified. In order to determine the negative effect of
a large signal in the next frequency mode, a large power second
signal is injected at the frequency mode adjacent to the small
signal frequency. The results for the 1-GHz signal are shown
in Fig. 3. As the power of the second signal is increased, the
low power signal stays the same, until the power of the second
signal reaches 11 dBm. At this point, the small signal output
power begins to drop. We verify that this is due to the MZM
by performing a measurement of the MZM compression inside
the OEO loop. The measurement appears as an inset in Fig. 3.
The input power where the MZM gain is no longer linear is
the same at the point that the injected signal causes the smaller
signal to attenuate. Again these measurements were made in the
2- to 6-GHz range and the results are consistent with the 1-GHz
case. Since there is no RF amplifier in our cavity, the MZM is the
first component to compress and allows us to operate at an input
power range from 83 to 11 dBm, which yields a compression
dynamic range of 72 dB.

The system described above has enabled us to detect small RF
signals covering a large RF band. In order to measure a single (or
multiple) frequency band(s) for channelization of an RF spec-
trum, we make use of the FPF in Fig. 1. The purpose of the
integrated optical bandpass filter is to narrow the RF bandwidth
in order to reject out-of-band OEO cavity modes by suppressing
their gain below 0 dB.

III. INTEGRATED FPF

The integrated microcavity filters consist of silicon-on-in-
sulator rib waveguides with distributed Bragg reflector (DBR)
gratings that form a Fabry–Pérot resonator. The DBR’s consist
of wide air trenches etched into the silicon. The large sil-
icon/air refractive index contrast enables mirrors
with high reflectance using only a few air gaps. We designed
DBR mirrors with reflectance for
two, three, and four air gaps, respectively. While previous filters
had short cavities (cavity length m [8]), the current
filters have a m and high .

The measured transmission spectrum for a three air gap filter
is shown in Fig. 4(a) for nm. The large
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Fig. 4. Measured silicon FPF response for � � ��� �m long cavity: (a) re-
sponse for three-air gap DBR filter over wavelength � � ���� � ���� nm,
(b) resonance bandwidth for two, three, and four air-gap DBR filters near � �

���� nm (BW � ����� ���� and ��� GHz, respectively).

free-spectral range FSR nm (83 GHz) at nm
is possible due to the relatively short cavity length compared
to all-fiber cavities. The filter rejection is 25 dB. For the two
air gap filter, the insertion loss is 2.0 dB compared to a test
waveguide on-chip; devices with three and four air gaps exhibit
higher insertion loss due to the increased DBR reflectance and
scattering loss in the air gaps. Fig. 4(b) compares several filter
bandwidths measured near nm. Consistent with fi-
nite-difference time-domain (FDTD) simulations, DBRs with
larger number of air gaps result in higher mirror reflectance and
hence sharper filter resonances: we measure a 3-dB bandwidth
BW GHz , 4.5 GHz (43 000), and
3.5 GHz (55 000) for two, three, and four air gaps, respectively.
The BW narrows only slightly by going from three to four air
gaps, which indicates that scattering and diffraction losses dom-
inate over the increased DBR reflectance.

We inserted a filter with BW GHz at the 3% output
of the OEO cavity, as shown in Fig. 1. We chose this device in
favor of the narrower BW GHz device since it exhibited
lower insertion loss. The optical signal after the filter is then
amplified by an EDFA and measured at an ESA. The RF gain of
the different RF tones was measured as a function of frequency.
These results appear in Fig. 5. The filter loss, along with the gain
roll-off of the OEO [see Fig. 2(a)], reduces the RF gain from the
OEO to less than 1 dB at 3 GHz. Thus the filter can be used to
remove the gain of the OEO for signals above 3 GHz, allowing
us to narrow the gain bandwidth. By extending these results to
single-chip integrated filter arrays, we can cover multiple bands
in a large RF spectrum towards narrowband frequency channel-
ization.

IV. CONCLUSION

Our multimode OEO exhibits gains up to 8 dB for signals at
70 dBm and has gain for signals up to 6 GHz. The system’s

Fig. 5. OEO gain after passing through FPF over 1- to 6-GHz range. Inset:
frequency response of the FPF.

sensitivity is 83 dBm and the compression dynamic range
72 dB. Combining the OEO with an integrated optical filter al-
lows us to narrow the RF gain bandwidth. The filter removes
the gain of the OEO for signals at 3 GHz and above. Future
work aims to improve the system by replacing the EDFA with
a semiconductor optical amplifier (SOA), which significantly
reduces the length of the OEO cavity and increases the mode
spacing to 5.2 MHz. New filters are also being developed with
expected BW GHz to selectively pick out each mode of
the OEO and allow for channelization of individual RF signals.
The single OEO-filter system can be scaled up to incorporate
multiple OEOs along with integrated silicon chips containing
as many as 100 filters per chip to achieve true channelization of
a large RF spectrum.
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